S
tudies from different laboratories have now cumulatively indicated that the human genome is a dynamic structure. For example, gene amplification has been shown to be a recurrent mechanism by which mammalian cells develop chemical resistance (1) or a manifestation of tumorigenesis progression (2) . Genomic rearrangements can also serve as a basis for certain human diseases and genomic disorders (3) . One of the first pathological conditions recognized as resulting from rearrangements in the human genome was ϰ-thalassemia, which is caused by deletions in the ϰ-globin loci on human chromosome 16 (4) . A large number of genomic disorders have been already identified and shown to be associated with genomic imbalances resulting from chromosomal rearrangements. In some cases, a similar rearrangement at the same locus, but which leads to a different type of imbalance, can lead to different clinical conditions. For example, a duplication of the myelin gene, PMP22, results in Charcot-Marie-Tooth disease type 1A (CMT1A), whereas the deletion of the same gene causes hereditary neuropathy with liability to pressure palsies (HNPP) (5) . Indeed, many common traits may be the result of genomic rearrangements. These include cases of male infertility, hypertension, mental retardation, and color blindness, among others (see ref.
for a review).
Since the release of the human genome sequence in 2001 (6), much attention has been directed to features of the human genome that are variable among individuals. Initially, it was widely accepted that the vast extent of this variation existed primarily as SNPs and low-complexity tandem-repeat variants, such as micro-and minisatellites. This conception of the human genome has dramatically changed since the publication of two seminal papers by Iafrate et al. (7) and Sebat et al. (8) in 2004. These groups showed that the genome of healthy individuals differs in the copy number of different DNA segments that range in size from kilobases to megabases. Other groups have used a variety of techniques to confirm the findings of the initial studies and to identify more sites and types of structural genomic variation in the genomes of healthy individuals, including deletions, duplications, and inversions (9) (10) (11) (12) (13) (14) (15) (16) (17) .
Most interesting is the accumulation of evidence for the notion that structural genomic variation is associated with the susceptibility to certain common diseases, such as glomerulonephritis (18) . In some instances, a particular structural genomic variation has been shown to predispose to chromosomal rearrangements that in turn result in pathological conditions (19) . Actually, structural variation appears to contribute a larger number of variable base pairs than SNPs (15, 20, 21) . However, our understanding of structural variation and its phenotypic consequences, such as involvement in genomic disorders and the predisposition to certain traits, is still thought to be in its infancy. Comprehensive studies in this field undoubtedly will enhance our understanding of the dynamics of the human genome.
On the basis of the existence of widespread structural genomic variation and human genomic disorders, it can be inferred that the human genome is subject to recurrent chromosomal rearrangements. Moreover, in several cases it has been shown that the same type of structural genomic variation can recur in unrelated individuals. One mechanism that has been proposed as a cause of some of these recurrent rearrangements in the human genome is nonallelic homologous recombination (NAHR) (5, 9, 22) . In NAHR, repeated sequences presenting high identity recombine, producing different types of rearrangements, includ-ing deletions, duplications, inversions, and translocations of DNA segments. The type of rearrangements derived from NAHR depends on the location and relative orientation of the repeated sequences that are involved in the recombination event. A recent study by Lam and Jeffreys (23) demonstrated the occurrence of spontaneous deletions derived from NAHR in the genomic region harboring the duplicated ϰ-globin genes in human chromosome 16 .
The research in our laboratory has focused on the study of chromosomal rearrangements in the bacterial genome. From the DNA sequence of a genome, the different reiterated regions can be located and the potential rearrangements that can be generated by NAHR can be predicted. Previously, we have used a PCR-based experimental approach to verify the occurrence of these different types of rearrangements in bacterial cultures (24, 25) . We have now implemented this PCR-based strategy to analyze genomic rearrangements in the human genome. Our results support that recurrent genomic rearrangements derived from NAHR events occur at high frequency in human somatic cells.
Results
Rationale for the Analysis of Human Genome Dynamics. To study the dynamics of the human genome, we have targeted the detection of chromosomal rearrangement breakpoints. This requires the availability of a very high-quality genomic reference sequence. The current human genome sequence meets such quality standards, containing few gaps with a very low estimated error rate (26) . For this study, the National Center for Biotechnology Information (NCBI) Build 36 version of the human reference genome sequence was used.
To identify potential sites for NAHR, the human reference genome sequence was first analyzed to find chromosomal regions of high sequence identity. If an NAHR-mediated recombination event is to occur, new genomic structures would be expected to be formed. Moreover, if these events occurred in somatic cells, then these new genomic structures would be predicted to be present in a very small fraction of the total cells being analyzed, with the vast majority of cells containing the corresponding nonrearranged genomic structure (herein referred to as wildtype structures). Evidence for this can be found in other organisms, such as bacteria (24, 25) . Hence, to identify such chromosomal rearrangements, a very sensitive and specific experimental procedure is necessary. In our view, at the present time, the technique of choice for this type of study would be a PCR-based assay using appropriately defined oligonucleotide primers.
The present study is focused on DNA inversions derived from NAHR events between pairs of repeated sequences located in inverse orientation that may generate DNA inversions. The scheme presented in Fig. 1A exemplifies a pair of wild-type structures, denoted as a and b, and the corresponding inversion rearrangement that may be produced by NAHR (Fig. 1B) , along with the PCR primers necessary to detect the different structures. The primers must match regions proximal, albeit external, to the repeats. If forward and reverse primers flanking one of the repeats are used for the PCR assay, then the corresponding wild-type structure is detected (Fig. 1 A) . An inversion breakpoint may be detected by using either both forward primers (Fa and Fb) or both reverse primers (Ra and Rb) (Fig. 1B) . According to the position of the corresponding primers in the nucleotide sequence, the exact size of the expected PCR fragment can be calculated.
Selection of Repeated Sequences to Analyze Genome Dynamics. The genomic regions to be studied were selected by a multistep bioinformatic procedure schematized in Fig. 2 . The first step consisted of the identification of all pairs of intrachromosomal inverted sequences formed by two cores, a and b, of at least 400 nucleotides in length sharing 100% sequence identity (see Materials and Methods). These pairs of sequences are herein referred to as potential recombinogenic inverted sequences (PRIS) (Fig. 2 A) . A total of 24,547 PRIS were found in the NCBI Build 36 of the human reference genome. The PRIS are distributed among all 24 different chromosomes, and the cores comprising these PRIS varied in length from 400 to 74,868 nucleotides. The total number of nucle- otides present in the nonredundant PRIS was 31,115,694 bp, accounting for Ϸ1% of the human genome. We subsequently restricted our search to PRIS formed by cores smaller than 4 kb in length and, hence, which might be efficiently amplified by standard PCR methodologies (n ϭ 24,001; Fig. 2B ), followed by an additional arbitrary search criteria whereby the distance separating the corresponding cores of a PRIS was between 4 kb and 100 kb (n ϭ 1,442; Fig. 2C ). The genomic distribution of this set of PRIS is shown in Fig. 3 .
To design appropriate primers flanking the two cores of the corresponding PRIS, the presence of zones of ''unique'' DNA sequence upstream and downstream of each core is imperative. We refer here to ''unique'' DNA sequence as one compared with the corresponding borders of each core of the PRIS and not to the whole genome. It is important to point out that most of the cores are actually immersed in larger homologous regions presenting high identity, usually referred to as segmental duplications (22) . We determined the degree of sequence identity in the regions adjacent to the corresponding cores of each of the PRIS by global alignment (see Materials and Methods) of the DNA sequence of each core extended 2 kb upstream and 2 kb downstream. The analysis of the 1,442 alignments determined that only 76 PRIS contain zones of ''unique'' DNA sequence (Fig. 2D) .
Furthermore, the presence of DNA sequences reiterated in other locations of the genome could impair the performance of the corresponding PCR primers. The most prominent reiterated elements of the human genome are the so-called common repeats. These repeats include simple and low-complexity tandem repeats, such as microsatellites and minisatellites, short and long interspersed nuclear elements, DNA transposons, and ribosomal and transfer RNAs, among others. The presence of common repeats in the borders of each core of the 75 PRIS was determined (see Materials and Methods). Only those presenting at least 200 bp of ''unique'' DNA sequence devoid of common repeats in both borders of each PRIS were selected. This selection resulted in a set of 35 workable PRIS (Fig. 2E) .
In summary, according to the different restrictions imposed in the present study, each workable PRIS is formed by two cores, a and b, of intrachromosomal inverted DNA sequences sharing 100% identity, with a size ranging from 400 to 4,000 nucleotides, situated at a distance between 4 kb and 100 kb, and presenting at least 200 bp of unique sequence in the zones located 2 kb upstream and 2 kb downstream of each core (see scheme in Fig.  2E ). This workable set of PRIS is distributed among most of the chromosomes and is highlighted in Fig. 3 ; the locations of the cores of each PRIS, their sizes, and the distance between them are listed in supporting information (SI) Table 1 .
Design of Valid Primers to Analyze Genome Dynamics. From this set of workable PRIS, we arbitrarily selected 10 to design PCR primers. From our experience using the PCR method to detect rearrangements in bacterial genomes, we have realized that it is important to design and test several PCR primers flanking each of the selected repeated sequences (24) . Accordingly, four forward primers were designed in the upstream region and four reverse primers were designed in the downstream region of the two cores, a and b, of each of the selected PRIS. The design of each primer included the analysis of its potential priming sites in the whole genome and its capacity to generate PCR products in silico when combined with other prospective primers (see Materials and Methods). All primers selected as in silico-valid were highly specific to detect its corresponding genomic region. Furthermore, when combined to detect the corresponding inversion rearrangement, no in silico products were reported.
From the 10 selected PRIS, we could design in silico-valid PCR primers for 8 of them (Fig. 2F) . The corresponding 32 PCR primers of each of the eight PRIS selected were synthesized and tested experimentally. The 16 combinations of oligonucleotides to detect each of the cores of the set of eight PRIS in the wild-type configuration were used to prime PCRs using a DNA sample derived from blood cells as target. Only those primers producing a single PCR product of the expected size were accepted. If the electrophoresis gels to detect the PCR products were overloaded, then, in some cases, faint secondary bands were observed; this situation was considered acceptable. From the acceptable PCR products we inferred the valid PCR primers.
For the analysis of the inversion breakpoints, we used the set of eight PRIS with valid PCR primers. Each PRIS in this set had at least two valid forward and two valid reverse primers for each core (Fig. 2G) . All of the combinations of valid primers were used to search for the inversion breakpoints in each PRIS. It is important to point out that, in contrast to the reactions detecting the wild-type structures, primary PCRs for detecting the inversion rearrangement usually did not produce visible bands after staining the gels with ethidium bromide (see below). This result was expected, because the number of cells containing the targeted rearrangement is expected to be highly diluted in the sample being tested. Hence, secondary PCRs, usually nested or heminested, were performed by using an aliquot of the product of the primary reaction and all of the possible combinations of appropriate primers. Potential evidence for a rearrangement (Fig. 2H) was considered when the appropriate combination of primers produced a PCR product of the expected size of the fragment rearranged and without secondary bands. From the eight PRIS analyzed, in six cases we had clear potential evidence of inversion rearrangements. To ascertain that the PCR product was a recombinant fragment containing the corresponding regions adjacent to core a in one end and to core b in the other end (see above and Fig. 1) , the nucleotide sequence of the borders of the PCR products was obtained. The fragments selected presented a DNA sequence that matched that of the expected inverted region. In some cases, we detected minor deviations from the reference sequence that should correspond to SNPs or mutations (data not shown). The six PRIS that showed evidence of inversion rearrangements correspond to numbers 5, 6, 7, 13, 22, and 27 in SI Table 1 . Five of them are located within known human genes; in two cases, the corresponding cores overlap with exons (PRIS 22 and 27), whereas in the other three, both cores are contained within the same intron (PRIS 5, 6, and 13).
Assembly of Rearrangement Kits. For further experiments, we selected PRIS 27, located on chromosome 19; PRIS 22, located on chromosome 15; and PRIS 6, located on chromosome 3. These PRIS will herein be denoted as inverted region 1 (IR-1), 2 (IR-2), and 3 (IR-3), respectively, and are indicated in Fig. 3 . For each region, we prepared a set of primers constituting a ''rearrangement kit'' (RKit) (SI Table 2 ). Each RKit is composed of all PCR primers necessary to perform the primary and secondary PCRs for detecting the following specific structures of each selected region: the a core, the b core, and the recombinant structure derived from the inversion. Another reagent of each RKit contains a pair of primers to obtain a PCR fragment of the identical sequence corresponding to the cores; when labeled with radioactivity, this fragment can be used as a hybridization probe to detect any of the PCR products corresponding to the specific region.
As mentioned above, to validate the fragments corresponding to the inversion rearrangements, the nucleotide sequence of the borders of the corresponding PCR products was determined. The PCR products obtained with the specific primers included in the corresponding RKits of regions IR-1, IR-2, and IR-3 were further validated. Each PCR product was cloned, and the borders of the inserts from three recombinant plasmids, which in all cases showed the size of the expected DNA fragment, were sequenced (see Materials and Methods). For all of the RKits used in this study, the nucleotide sequence of both the PCR product and the insert of the clones derived from it ascertained the presence of the expected borders of the breakpoints derived from the corresponding inversion rearrangement. The reagents of the RKits are presented in SI Table 2 . An example of the PCR products representing the different structures of each of the selected regions of the genome is shown in Fig. 4 .
Characteristics of the Regions Selected to Detect Genomic Rearrangements.
The regions selected to analyze the occurrence of genomic rearrangements are schematized in Fig. 5 . Both the wild-type structure and that derived from an inversion due to NAHR of the corresponding identical cores are shown.
The identical cores a and b of region IR-1 are DNA fragments of 941 bp separated by 36,925 bp. Core a contains exon 7 and part of introns 6-7 and 7-8 of gene SAFB2; core b contains exon 7 and part of introns 6-7 and 7-8 of gene SAFB (Fig. 5A) . Genes SAFB2 and SAFB are paralogous genes transcribed in the opposite direction. The function of these genes has been proposed to be involved in chromatin organization, transcriptional regulation, RNA splicing, and stress response (27) . As shown in Fig. 5B , an inversion rearrangement derived from NAHR mediated by the two identical cores would alter the structure of the two genes.
In region IR-2, the identical cores are DNA stretches of 482 bp separated by 24,129 bp. Core a includes exon 7 and part of exon 6, as well as intron 6-7 and part of intron 7-8 of gene DUOX2 (Fig. 5C ). Core b includes exon 8 and part of exon 7, as well as intron 7-8 and part of intron 8-9 of gene DUOX1 (Fig. 5C ). These genes have been annotated as NADPH oxydases and have been found to be highly expressed in thyroid cells (28) . In the region between genes DUOX2 and DUOX1, another gene, NIP, is located. As in the case of SAFB2 and SAFB, genes DUOX2 and DUOX1 are paralogous genes transcribed in the opposite direction. Accordingly, the inversion mediated by NAHR of the two identical cores (Fig. 5D ) would alter the structure of the genes.
In the case of region IR-3, the identical cores are DNA segments of 885 bp separated by 7,935 bp. Both of them are part of a common repeat structure, a long terminal repeat, and are located in the same intron, intron 3, of gene RNF13 (Fig. 5E ). This gene has been annotated as a ring zinc finger protein; its specific function has not been determined. The inversion resulting from NAHR between the two cores (Fig. 5F ) would result in a minor alteration of gene structure, located within intron 3, and presumably would not have physiological relevance.
Time Kinetics of the Detection of Rearrangements by PCR.
Using the reagents from a RKit, PCRs were performed to detect either wild-type or rearranged structures. Both primary and secondary reactions were performed,and aliquots were analyzed at different cycles. The aliquots were subjected to agarose gel electrophoresis and revealed by both ethidium bromide staining and by Southern blots hybridized against a radioactive probe. An example using region IR-1 and a target DNA from blood cells is presented in Fig. 6 .
In the PCR revealing the wild-type structure, ethidium bromide staining showed the expected fragment since the primary reaction (Fig. 6A) , whereas the structure corresponding to the inversion rearrangement breakpoint was revealed only until the secondary, in this case nested, reaction (Fig. 6C) . By using Southern blots, we could demonstrate that the fragment revealing the rearranged structure breakpoint is actually being produced in the primary reaction (Fig. 6D) .
Time kinetics of the PCR might be used as a semiquantitative method to estimate the relative proportion of rearranged structures compared with wild-type structures. However, this technique is only an approximation, because the doubling of the PCR product in each cycle is usually obtained in the case of small products and under certain specific conditions, such as those used for quantitative PCR. To quantify the relative proportion of rearrangements in a DNA sample, we decided to use a more reliable method based on the dilution of the target DNA (see below).
Dilution Kinetics of the Detection of Rearrangements by PCR.
When the target DNA for a PCR is diluted and the reaction is primed to detect a wild-type structure, a dilution is reached in which no product is found. This dilution should be near to a target DNA concentration of approximately one haploid genome per reaction. In contrast, if the reaction is primed to detect a rearrangement, then the dilution at which no product is found should be proportional to the relative concentration of the respective rearrangement in the DNA sample. A typical experiment is presented in Fig. 7 by using a DNA sample from blood cells as target. The wild-type structure corresponding to core a of region IR-1 gave positive PCRs up to a dilution containing Ϸ10 pg of DNA per reaction; at a concentration of 3 pg per reaction, theoretically slightly less than one haploid genome per reaction, no PCR product was observed (Fig. 7A) . In contrast, when the PCR was primed to detect the inversion breakpoint, the reaction containing Ϸ3 ng was still positive, whereas the reactions containing 1 ng or less were all negative (Fig. 7B) .
It is important to note that, as expected, at the dilutions presenting the last positive or the first negative reaction, some aliquots present positive and some negative reactions. This finding is illustrated in Fig. 7 C and D for PCRs detecting the inversion rearrangement. From 24 aliquots of the dilution containing 3 ng of target DNA per reaction, 17 were positive (Fig. 7C) . At the next dilution, containing 1 ng of target DNA per reaction, of 24 aliquots only 3 gave positive reactions (Fig.  7D) . In dilutions containing 18 ng or more target DNA per reaction, all of the aliquots gave a positive reaction, whereas in dilutions containing Ͻ1 ng, all of the aliquots gave negative reactions (data not shown). The relative concentration of DNA necessary to produce one positive reaction detecting the rearrangement, compared with that necessary to produce a positive reaction detecting the wild-type structure, is proportional to the relative concentration of rearranged vs. wild-type structures in the target DNA.
Relative Concentration of Rearranged Structures in Different Samples
of DNA Derived from Somatic Cells. The dilution strategy exemplified above was used to detect the relative concentration of rearrangement breakpoints in DNA samples from unrelated individuals. DNA was extracted from blood cells of either newborn (umbilical cord blood) or adult individuals (see Materials and Methods). For each DNA sample, several aliquots from different dilutions were used as targets for PCRs to detect both Table 2 ). The PCR products were revealed by ethidium bromide after gel electrophoresis. (A and B) Different amounts of DNA were used: 1, 100 ng; 2, 33 ng; 3, 10 ng; 4, 3 ng; 5, 1 ng; 6, 333 pg; 7, 100 pg; 8, 33 pg; 9, 10 pg, 10, 3 pg. (C and D) Twenty-four different aliquots containing 3 ng (C) or 1 ng (D) of DNA were used to detect the inverted structure.
wild-type (core a) and the corresponding rearranged structure derived from inversion events of regions IR-1, IR-2, and IR-3. Several aliquots of appropriate dilutions were used, and the relative concentration of target DNA to produce one positive reaction detecting either the wild-type or the corresponding rearranged structure was calculated. The ratio of the concentration of wild-type structures over that of rearranged structures of the different target DNAs is presented in a logarithmic scale in Fig. 8 .
The eight individuals tested presented inversion rearrangements in the three regions analyzed. However, the relative concentration of rearrangements varied both between samples and between regions. At the extremes, a newborn sample of DNA presented Ϸ10 5 wild-type structures per one inverted structure in region IR-1 (individual 6), whereas some adult samples presented approximately two wild-type structures per one inverted structure in region IR-3 (individuals 1 and 3). In all samples, region IR-3 presented a higher relative concentration of rearranged structures than regions IR-1 and IR-2. The most striking finding was that, for the three regions analyzed, DNA isolated at the time of birth contained a significantly lower concentration of rearranged structures than that isolated from adult individuals. The difference of mean values between the two groups was significant for the three regions, IR-1 (P Ͻ 0.02), IR-2 (P Ͻ 0.001), and IR-3 (P Ͻ 0.001), by using a one-way analysis of variance. The ratio of mean values between both groups was 17-, 70-, and 166-fold for regions IR-1, IR-2 and IR-3, respectively.
Discussion
This study shows that total DNA from blood cells of unrelated, healthy individuals contains genomic structures that evidence inversion rearrangements derived from NAHR. From these results it can be inferred that such rearrangements are recurrent in the human genome. Moreover, these events occur at a relatively high frequency compared with point mutations. The rearrangements breakpoints are present in low proportions in the DNA samples, and thus highly specific and sensitive approaches capable of detecting these genomic alterations must be used. The PCR methodology allows such specificity and sensitivity, provided that appropriate primers can be obtained. The multistep procedure that we have proposed, although laborious and time-consuming, is suitable for this purpose.
It has been reported that under certain conditions, PCR can produce chimeric molecules derived from the in vitro interaction between molecules sharing a common sequence track (29, 30) . The conditions used for the PCRs in this study have been optimized to avoid such artifacts. In fact, the overall results obtained here are not compatible with being derived from PCR artifacts. A careful analysis of the data presented in Fig. 7 illustrates this point. At a certain DNA dilution, different aliquots of the target DNA, containing the same amount of wild-type structures, produce either positive or negative reactions when primed to detect the corresponding rearranged structure (Fig. 7D) . Moreover, increasing the amount of wildtype structures by 3-fold (Fig. 7C ) results in different aliquots still having either positive or negative reactions. This indicates that the target to obtain the PCR product corresponding to the rearranged structure has reached a critical point of dilution in the DNA sample, whereas wild-type structures are still in excess. Most important in regard to this point are the data presented in Fig. 8 . Although the methodology for DNA isolation and the conditions of the PCRs were the same for all of the samples analyzed, the relative concentration of wild-type vs. rearranged structures varied more than 100-fold when certain types of samples were compared.
One of the genomic regions analyzed, region IR-3, presented a much higher concentration of rearranged structures. Actually, in adult individuals, the concentration of the rearranged structures approached that of the wild-type structures. In this region, the distance separating the identical cores is smaller, Ϸ8 kb, than that of regions IR-1 (Ϸ37 kb) and IR-2 (Ϸ24 kb). In addition, the two identical cores of this region are located within one intron (see Fig. 5 ), and, presumably, its inversion should not have physiological consequences. However, the few regions analyzed do not allow proposing a conclusion. In contrast to region IR-3, inversion rearrangements in regions IR-1 and IR-2 might result in chimeric genes that in turn could produce alternative mRNAs and proteins, as well as differences in transcriptional regulation.
The human genome presents a very large number of reiterated sequences that could generate rearrangements by NAHR. The procedure to select appropriate regions used here is very stringent and allows the analysis of a minor fraction of potential recombi- Table 2 to detect the a cores or the inverted structures of IR-1, IR-2, and IR-3. The amount of wild-type and inverted structures was determined by analyzing several aliquots from samples containing different amounts of DNA (see Results). The relative amount of wild-type structures to inverted structures is indicated in a logarithmic scale. 1-4, DNA samples from four different adult individuals; 5-8, DNA samples from umbilical cord blood of four different newborns (see Materials and Methods); A, mean value for DNA from adult individuals; B, mean value for DNA from newborn individuals.
